Application of eucaryote inhibitors to the estimation of production and grazing mortality of bacterioplankton was evaluated. Exposure to a range of concentrations of thiram, cycloheximide, and neutral red (0.4 to 210, 36 to 1,777, 4 to 346 ,uM, respectively) was 98 to 100% effective at inhibiting growth of a chrysomonad in culture. Exposure to colchicine and griseofulvin (50 to 1,000 ,uM for both) yielded only 24 to 94 and 53 to 79% inhibition, respectively. Exposures to thiram, neutral red, and griseofulvin were 90 to 100% effective at inhibiting growth in culture of a ciliate, Cyclidium sp., and the responses to colchicine and cycloheximide were variable (64 to 100 and 0 to 100% inhibition, respectively). Thiram and neutral red inhibited field populations of nanozooplankton more effectively than cycloheximide and colchicine. Direct effects of eucaryote inhibitors on growing cultures of bacterioplankton varied with parameters measured and duration of exposure. After 3-day exposures, specific growth rates and "instantaneous" heterotrophic potential ([14C]glucose uptake) were not consistently affected, but biosynthetic activity (RNA and DNA syntheses) was depressed. The degree of inhibition of isolates and field populations of phytoplankton depended upon type of inhibitor and phytoplankton species. In field experiments, it was possible to calculate rates of bacterioplankton production and grazing mortality for only 16 of 29 inhibitor experiments and for 4 of 10 size fractionation experiments. Bacterioplankton production and mortality estimates varied greatly with the eucaryote inhibitor used, and those derived from inhibition techniques were substantially different from those derived from fractionation techniques. The poor performances of both techniques are attributed to the following: (i) effects of inhibitors on phytoplankton, (ii) indirect effects of the inhibitors on bacterioplankton, and (iii) insufficient separation of grazers from prey by filtration techniques. Because of the inconsistent results obtained in this investigation, we strongly recommend exercising caution in the application of inhibitor techniques to ecological problems, especially in phototrophically dominated systems.
Selective inhibitors have been used in aquatic microbiology as a method to separate the trophic activity of procaryotes and eucaryotes in planktonic associations (6, 9, 11) . Recently, selective eucaryote and procaryote inhibitors have been used to estimate bacterioplankton production rates, to assess the impact of grazing by phagotrophic nanoand microplankton on bacterioplankton production, and to examine bacterial-protistan interactions on sedimenting biogenic particles in marine systems (2, 12, 13, 16 ; B. F. Sherr, E. B. Sherr, T. L. Andrew, R. D. Fallon, and S. Y. Newell, Mar. Ecol. Prog. Ser., in press).
The use of selective inhibitors has provided a novel approach to the examination of bacterial-protistan interactions. This approach, however, has not been carefully evaluated for marine pelagic systems. Newell et al. (12) incubated coastal surface water samples (collected 0.25 to 15 km from the beaches of Sapelo Island, Ga.) with the eucaryote inhibitors thiram and cycloheximide and compared bacterial numbers in these treatments with uninhibited controls. By their estimates, the proportion of bacterial production grazed by protists was variable, ranging from 0 to 100%. Fuhrman and McManus (2) performed similar experiments, with some refinements, using beach samples from Crane primarily protists, and thereby uncouples the presumed major agent of bacterial mortality from bacterial production. Inhibitor The present study examines the effects of the eucaryote inhibitors thiram (inhibits protein synthesis), cycloheximide (inhibits 80S ribosomal operation), neutral red (stimulates autocytosis and inhibits endocytosis), colchicine (inhibits microtubule polymerization), and griseofulvin (inhibits microtubule polymerization) on the growth and metabolism of isolated cultures of marine microorganisms. On the basis of laboratory findings, field experiments were conducted with samples collected from meso-and oligotrophic waters at six different geographical sites, using the most reliable inhibitors at their lowest effect doses. For the sake of clarity, the following text utilizes a more precise terminology proposed in reference 14, in which the terms protist, mastigote, plastidic, aplastidic, Apico, and Anano supplant protozoa, flagellate, phototrophic, heterotrophic, Hpico, and Hnano, respectively.
MATERIALS AND METHODS
Culture maintenance. An unidentified aplastidic chrysomonad species (mastigote) and a Scuticociliatida species, Cyclidium sp. (ciliate), isolated from oligotrophic waters (-900 miles [1, 448 km] northeast of Hawaii), were maintained in a two-stage continuous culture system. In the first stage, a mixed bacterial assemblage obtained from the <0.8-,um filtrate (Nuclepore membrane) of an offshore water sample was grown in f/2 medium (3), which was made from filtered oligotrophic seawater and amended with 3.0 and 1.6 mg of Casamino Acids and sucrose, respectively, liter-'. Outflow from the first stage was split equally to supply two protist culturing vessels (one for Cyclidium sp. and one for the chrysomonad). Prior to experiments with protists, a series of culture vessels containing filter-sterilized seawater amended with one rice grain (-20 mg) and 1 ,uM glucose were inoculated with either log-phase bacteria from the first stage of the chemostat or log-phase protists and attendant bacteria (specific growth rate [pu] = 1 to 3 day-'); these samples were incubated for 24 h at 22°C without light or agitation (= preincubation (7, 8) . In the second experiment, a mixture of senescent phytoplankton cultures (C. gracile, T. pseudonana, and an unidentified coccolithophore) replaced rice to simulate natural nutrient sources more closely. Bacteria were enumerated by epifluorescent microscopy from preserved samples which were stained with acridine orange and captured on 0.2-p.m Nuclepore membranes (5) . Growth rates were calculated assuming exponential growth and using the formula, p. Long-term effects of the inhibitors on the heterotrophic potentials of bacterioplankton were examined by using the same protocol described for the first long-term experiment, except that on day 3 each flask was amended with 2.28 p.Ci of D-[U-'4C]glucose (NEC 042X; specific activity, 346 mCi mmol-1; New England Nuclear).
[14C]glucose incorporation at 0 and 4 h was determined by the radioactivity of material from 1-ml subsamples captured on a Whatman GF/F filter (16) . Respired '4CO2 was evolved by syringe injection of 0.1 N HCl into sealed serum bottles containing 15-ml subsamples and was captured on a suspended filter paper wick soaked with ,B-phenethylamine (4) . Samples were radioassayed as described above.
Effects of inhibitors on phytoplankton. Inocula (0.1 ml) from monocultures of marine phytoplankton (listed above) were introduced into triplicate culture tubes containing 10 ml of f/2 medium with or without inhibitors. Cultures were incubated for 7 days as described above, and then in vivo fluorescences were measured on a Turner Design fluorometer. Fluorescences of inhibited treatments were compared with those of controls to calculate inhibition. Subsamples (100 ml) from each fraction (MICRO, NANO, and PICO) were incubated in acid-washed polyethylene bottles for 24 h in darkness at in situ temperatures after addition of inhibitors. Subsamples from each fraction were preserved in 2% borate-buffered formaldehyde at 0 and 24 h for subsequent epifluorescent microscopic analysis and growth rate calculations (as described above).
In the Hilo coast experiment, a 24-liter sample was collected at a station 6.7 km off Hilo, Hawaii (19 February 1985), with Niskin bottles from 120 and 125 m (chlorophyll a maximum). A 4-liter subsample was passed through a 1.0-p.m Nitex (nominal pore size) mesh-covered cylindrical frame by reverse-flow filtration as described above and represented a reduced grazer treatment. Duplicate 1-liter aliquots for each treatment were placed in sterile 1.5-liter Nasco Whirl-Pak bags in an effort to minimize containment effects and were treated as follows: (i) <200 p.m (MICRO); MICRO, 50 p.M colchicine. All incubations were conducted under a simulated in situ light and temperature (23.5°C) regime in an on-deck incubator equipped with neutral density filters and flowthrough cooling water. Enumeration of picoplankton and mastigotes was performed on preserved subsamples from 0-and 24-h time points as described above. Mastigotes (30-to 50-ml subsamples) were collected on Irgalan Black-stained 0.8-p.m Nuclepore membranes. Chlorophyll a was extracted in 90% acetone from replicate GF/F filters that had collected material from 200-ml subsamples taken at 0 and 24 h. Chlorophyll a samples were stored at -20°C and subsequently analyzed on a Turner Design fluorometer (15) .
Detailed examination of the effects of thiram on the microplankton community was performed on a 25-liter sam (Fig. 1A ). Colchicine and griseofulvin, which both inhibit microtubule polymerization, were less effective; growth of the chrysomonad ranged from 24 to 94% of that of the control (Fig. 1A) . Growth of the ciliate Cyclidium sp. was 0 to 10% of the control in the presence of thiram, neutral red, and griseofulvin over the ranges examined (Fig. 1B) . Growth responses of Cyclidium sp. to cycloheximide and colchicine were variable and these compounds were less effective at inhibiting growth (Fig. 1B) . Thiram and neutral red were, therefore, most effective at inhibiting growth of both types of protists, and these compounds were effective at very low concentrations (4 p.M for both).
Cultures of both the mastigote and the ciliate were observed microscopically to determine whether these protists were viable after incubation with the inhibitors. (Fig. SB) . Apparent growth rates were consistently higher treatments with inhibitors was similar to control than controls only in treatments with the inhibitor cyclohex-)n the basis of a close correlation between 3H20 imide. Overall, the apparent growth rates of Apico in this on and adenine uptake (8), these results suggest that size fraction were higher than in PICO and MICRO fracmine was taken up at comparable rates in all treattions, ranging from 0.07 to 1.51 day-'. at that biosynthesis (as measured by [3HJRNA and
The MICRO fraction represented pico-and nanoplankton [3H]DNA production) was less efficient in the inhibited treatments relative to the control (Fig. 2) . Growth rates over the entire incubation were estimated by using changes in ATP and assuming exponential increase. Growth rates ranged from 0.073 to 0.202 h-', and the inhibitors impeded growth in proportions similar to those of the biosynthesis measurements (Fig. 2) .
Since most published inhibitor studies are based on -1-day incubations, we were interested in the effects of inhibitors in long-term experiments, such as in particle trap deployments (16) . The specific production rates (,u; per day) of ATP and cells for control, thiram, cycloheximide, neutral red, and colchicine treatments after 3 days were similar for bacterioplankton grown on rice detritus (Fig. 3A) and on senescent phytoplankton (Fig. 3B) . On the other hand, production rates of [3H]RNA, [3H]DNA, and 3H20 in the inhibited treatments were generally lower in the short incubations (<2.5 h) at the end of the 3-day period (Fig. 3A and   B in the presence of enhanced microplankton concentrations (15 to 20 times). Apparent growth rates of Apico were predicted to be higher in the inhibited treatments than in the controls but, as in the NANO size fraction, they were higher in only 7 of 12 inhibited samples (Fig. 5C ). Apparent growth rates in the presence of cycloheximide at three stations were again greater than controls, which indicated that either grazing was blocked or bacterial growth was stimulated. The apparent growth rates of Apico in all three size fractions in the presence of the three inhibitors did not match expectations. in the PICO and MICRO fractions, respectively, indicating that only 40% of these organisms were effectively excluded by our reverse-flow fractionation. Specific chlorophyll a production was inhibited in the presence of thiram relative to the controls in both size fractions (Table 2) grazing pressure on picoplankton was lowered but not eliminated in the PICO fraction. As in the previous field experiment, apparent growth rates of Apico were not enhanced in the PICO fraction or in the MICRO fractions amended with inhibitors relative to the controls (Fig. 6A) . Apparent Apico specific growth rates were positive in all treatments, and mean cell volumes increased two-to threefold over the 24-h incubation. The increase in cell volume suggests that containment effects, such as organics leaching from Whirl-Pak bags, may have influenced the results of the experiment.
Growth of mastigotes was positive in the control treatments, and growth was effectively blocked by thiram, cycloheximide, neutral red, and colchicine (Fig. 6B) . Apparent specific growth rates of phototrophs (primarily chroococcoid cyanobacteria, Chlorella-like chlorophytes, and plastidic mastigotes) as measured by chlorophyll a production were negative in all treatments except thiram (Fig. 6C) cell-', respectively). On the basis of total biovolume produced, specific growth rates of Apico in thiram treatments of PICO and MICRO fractions were 1.5-to 1.6-fold greater than those of the controls. Net (Table 3 ). In the Kaneohe Bay experiment, there is a rough agreement between the production rates (k) calculated with the fractionation procedure and the inhibition method (Table 3 , T and F treatments). Grazing mortality (d) calculated by the two methods differs by a factor of 5. The inconsistency of these rates argues that these estimates are largely spurious and that the techniques are not reliable. It is possible to criticize our field experiments and suggest that the disparities observed were the result of artifacts. For example, in the northeastern Pacific transect experiment, two potential artifacts may have biased our results. First, the 24-h incubations were carried out in 100-ml polyethylene bottles, which may have resulted in containment effects (1) . In addition, our reverse-flow fractionation may have increased nutrient concentrations by disrupting cells or by leaching primary amines from Nuclepore membranes (1). In the latter cases, the final fraction (PICO) should have contained the highest concentrations of extracellular metabolites and primary amines and thereby exhibited the highest growth rates. We consistently observed lower Apico growth rates in the PICO fraction and believe that any disruption of cells or leaching resulting from our procedure was minimal. In the other two field experiments, we attempted to minimize containment effects by using sterile 1.5-liter Whirl-Pak bags and acid-washed 2.5-liter polycarbonate bottles, and we still obtained inconsistent results.
Despite possible experimental artifacts, we believe the inhibitor method failed largely because of effects on the phytoplankton, which confounded the experiments. This supposition is supported by the observed sensitivity of laboratory cultures of phytoplankton to inhibitors and the repeated observations of net mortality of phytoplankton and stimulation of bacteria in terms of production and increased average size in the presence of inhibitors. Findings reported in reference 11 also support this hypothesis. They report a variable response of picoplankton from the Sargasso Sea and the Canadian Arctic to a 6-h exposure to cycloheximide (100 ,uM); 3H-labeled amino acid and [3H]glucose incorporations were only inhibited slightly, whereas 33P04 incorporation was markedly depressed. Some inhibition of 33P04 incorporation may be attributable to altered Ppico activity, but it seems unlikely because incorporation of [14C]bicarbonate by picoplankton was unaffected by cycloheximide. Incorporation of [14C]bicarbonate into Pmicro, however, was totally inhibited by cycloheximide. These observations are consistent with our findings that the cyanobacterium Synechococcus sp. (a numerically significant component of Ppico) was not inhibited by cycloheximide, whereas all eucaryotic phytoplankton species tested (some of which may have been included in Li and Dickie's microplankton fraction [11] ) were sensitive to cycloheximide.
Use of an additional procaryote inhibitor, such as benzylpenicillin (2, 13; Sherr et al., in press), to block bacterial cell division may circumvent the problem of stimulated bacterial growth but is more likely to introduce a new set of artifacts. Penicillin has been shown to inhibit ingestion of latex beads by three freshwater species of ciliates relative to controls (13) . Furthermore, Iturriaga and Zsolnay (6) 
